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Abstract. The microstructure of Co35+x − Ni40−x − Al25 (x = 0, 2.5, 5.0) ferro-
magnetic shape memory alloys annealed at 1200 ◦C and water quenched has been
investigated by optical (OM) and analytical transmission electron microscopy
(TEM). The microstructure consists of elongated grains of martensite and γ phase.
Annealing twins were found frequently in the γ phase. The volume fraction of γ
phase has been determined to be about 40%. TEM observations show twinned
L10 martensite with {111}-type twinning plane and tetragonality c/a = 0.85 in
all investigated alloys. Determination of the composition of β phase, allows to
calculate Al/Co and e/a ratio in the range 7.68–8.40 in correlation with its Ms
temperatures between 66 and 167 ◦C, respectively. An increase in the Al/Co ratio
together with a decrease of Ni content in β phase causes a decrease of the e/a
ratio, which promotes a decrease of martensitic transformation temperatures.

1 Introduction

Ferromagnetic shape memory alloys (FSMA) are frequently investigated due to their large mag-
netic field induced strains (MFIS) in the ferromagnetic martensite state. The MFIS appears as
a result of the rearrangement of twinned martensite variants and the motion of twin boundaries
when the direction of magnetization changes due to the applied magnetic field H [1]. Recently
extensive investigations have focused on Co-Ni-Al alloys because they give chances to overcome
the disadvantages of Ni-Mn-Ga, Fe-Pd, Fe-Pt alloys, such as their poor room temperature duc-
tility, the high cost of the elements used and the complicated process of production of single
crystals [2]. One factor influencing MFIS is the preparation method which determines the grain
size and the crystallographic texture [3]. Therefore several investigations related to the struc-
ture characterization of Co-Ni-Al alloys produced by different methods are recently presented in
literature [3–9]. Previous papers have shown structure changes of Co-Ni-Al FSMA after vacuum
annealing and hot rolling [10] and their TEM structure and texture [11]. It has also been shown
that a two phase structure β + γ is formed in hot rolled Co-Ni-Al alloys. It has been observed
that β phase has higher concentration of Al and γ phase higher concentration of Co. Marten-
site phase was identified as non-modulated L10 structure with c/a = 0.78 ratio, nevertheless its
amount decreased with increasing Co content in the alloys. The measured Al/Co ratio in the β
phase of hot rolled alloys has been shown to be related to Ms temperature following the same
trend as in Ni-Mn-Ga [12] that is increasing with the e/a ratio.
Therefore, the aim of this paper was a more detailed study of microstructure changes in

two phase β + γ Co-Ni-Al alloys with respect to Al/Co ratio after heat treatment at 1200 ◦C.
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Special attention has been focused on the martensite structure in relation to the composition
of alloys.

2 Experimental procedure

Three alloys with compositions Co40Ni35Al25, Co37.5Ni37.5Al25 and Co35Ni40Al25 (at. %) were
investigated. After casting alloys were homogenized and hot rolled; details can be found in
[10,11]. Additional heat treatment consisting of annealing at 1200 ◦C for 3 hours and water
quenching has been applied to promote the martensitic transformation. Microstructure obser-
vations of heat treated samples were first performed in an optical microscope Leica DM IRM
using Nomarski contrast. Analytical transmission electron microscopy (TEM) investigations
were performed using a Tecnai G2 microscope equipped with energy dispersive X-Ray analy-
sis system and high angle annular dark field detector (HAADF). TEM thin foils of hot rolled
samples were prepared by double jet polishing in a Struers TenuPol-5 electro polisher using an
electrolyte composed of 20% vol. of perchloric acid in methanol.

3 Results and discussion

The microstructures of heat treated alloys observed in Nomarski contrast are presented in
figure 1. All investigated alloys have two phase γ+β (martensite at room temperature) structure.
The mean content of γ phase was estimated as 40%, slightly lower than in hot rolled samples
(44%) [10]. Grains retain the elongated character caused by hot rolling even after the additional
heat treatment, which could affect the MFIS. The width of elongated grains is almost the
same for all investigated alloys, although slightly wider were observed in Co35Ni40Al25 alloy
(Fig. 1(c)). The morphology of martensite plates slightly differ from each other depending on
alloy composition, as it can be seen in figure 1. Additionally annealing twins can be distinguished
in grains of γ phase.

Fig. 1. Optical micrographs in Nomarski contrast of heat treated a) Co40Ni35Al25, b) Co37.5Ni37.5Al25,
c) Co35Ni40Al25 alloys.

TEM observations allowed to identify the structure of phases in the investigated alloys,
especially the dislocation structure of γ phase, phase boundary, tetragonality of martensite and
their chemical compositions. Figure 2 presents TEM bright field (BF) and the corresponding
selected area diffraction pattern (SADP) micrographs of Co40Ni35Al25 alloy. Split dislocations
marked by arrows are frequently located in the γ phase. The mean separation distance was
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Fig. 2. TEM micrograph and corresponding SADP of Co40Ni35Al25 alloy.

Fig. 3. HAADF image of two phase structure and corresponding result of line scan analysis performed
along white line for Co35Ni40Al25 alloy.

estimated as 20 nm. The relatively small distance between two dislocations points to a high
degree of order of this phase [13]. The SADP image indicates that γ phase is ordered L12
type and their orientation zone axis was determined as γ′ [211], where (′) indicates the ordered
nature of the γ phase. Further TEM observations have been focused on the characterization
of grain boundaries between γ and martensite phase and detailed studies of their structure.
Figure 3 presents a HAADF image of two phase structure and the result of line scan analysis
along the white line marked in the figure across the 150 nm wide phase boundary. Ni content is
almost constant along the analysis line while the concentration of Al and Co changes distinctly.
The concentration of Co decreases monotonically from γ to the martensite phase, except in the
phase boundary region where it locally decreases. A lower concentration of Al was observed
in γ phase which increases crossing the phase boundary. Despite of local oscillations in con-
trast near the phase boundary, the maximum corresponding to the increase of Co content is
responsible for the brighter contrast near the phase boundary. The chemical point analyses
performed in marked areas of figure 3 have shown the following chemical composition of phases
(all in at.%): point 1 (γ phase) Co-50.7, Ni-33.6, Al-15.7, point-2 (martensite) Co-35.7, Ni-35.2,
Al-28.2. The chemical composition of martensite phase has been determined for all investigated
alloys in order to calculate the Al/Co and e/a ratio in β phase which influences the martensitic
transformation temperatures. Table 1 presents the composition of β phase measured using EDS
in TEM, calculated Al/Co and e/a ratios in β phase in correlation with their Ms temperatures.
An increase in the Al/Co ratio and decrease of Ni content in β phase corresponds to a decrease
of conduction electrons concentration, i.e. e/a ratio, which promotes a decrease of martensitic
transformation temperatures, as shown for Ni-Mn-Ga alloys [14]. The same trend has been ob-
served for the hot rolled Co-Ni-Al alloys of the same composition but showing Al/Co > 1 [11].
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Table 1. Casting composition, β composition and corresponding Al/Co and e/a ratios for investigated
alloys together with their Ms temperatures.

Alloy β at.% Al/Co ratio e/a Ms [◦C]
Co40Ni35Al25 Co34Ni48Al18 0.53 8.40 167
Co37.5Ni37.5Al25 Co33Ni42Al25 0.76 7.92 84
Co35Ni40Al25 Co36Ni36Al28 0.78 7.68 66
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Fig. 4. TEM bright field (BF) micrograph and corresponding SADP of Co37.5Ni37.5Al25 alloy after
heat treatment.
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Fig. 5. HREM micrograph and corresponding FFT taken from Co37.5Ni37.5Al25 alloy after heat
treatment.

The above mentioned difference in the Al/Co ratio in β phase between hot rolled and
additionally heat treated alloys should influence the martensite structure. In the hot rolled
samples the non-modulated martensite with tetragonality c/a = 0.78 was observed [11]. In
order to determine the type of martensite in hot rolled and annealed alloys at 1200 ◦C, TEM
investigations have been performed.
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Fig. 6. TEM bright field (BF) micrograph and corresponding SADP of Co40Ni35Al25 alloy after heat
treatment.
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Fig. 7. HREM image and corresponding FFT and IFFT images of Co40Ni35Al25 alloy after heat
treatment.

Figure 4 presents TEM BF micrograph and corresponding SADP of Co37.5Ni37.5Al25 alloy
after annealing treatment. A large density of twins on {111}L10 plane can be seen. SADP con-
firms twin [110] zone axis orientation of L10 structure. Figure 5 presents an HREM micrograph
from the same area as in figure 4, showing twins with thickness of only 20 nm. Results from
Fast Fourier Transform (FFT), shown as inserts, support interpretation of SADP in figure 4.

Figure 6 presents a BF micrograph and its corresponding SADP of Co40Ni35Al25 after
annealing heat treatment. Two variants of martensite plates can be seen, one of them being
only about 30 nm thick. SADP indicates that only one of the martensite variants gives diffraction
pattern along [101]L10 orientation while the other one is out of reflecting position. The results
of HREM investigation performed for this alloy are presented in figure 7.

The HREM image presents a narrow martensite plate with a microtwin about 2 nm wide.
The FFT from the whole HREM micrograph indicates that the martensite plates have the same
[101]L10 orientation. However, comparing to SADP in figure 6 some spots are missing.

As results from dynamical diffraction calculations this might be caused by the small
sample thickness which was needed to obtain HREM images. In the filtered Inverse Fast Fourier
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Transform (IFFT) it can be clearly seen that the microtwin has a twin orientation with a defect
that promotes a local 1/2 a〈111〉 shift accommodated by a dislocation.
Several measurements of diffraction patterns for different orientations of martensite in the

investigated alloys allowed calculating their tetragonality as c/a = 0.85. This value is close to
c/a = 0.81 often observed in these type of alloys but with lower content of γ phase [15].

4 Summary

The structure of the two phase γ + β Co40Ni35Al25, Co37.5Ni37.5Al25 and Co35Ni40Al25 alloys
after a heat treatment at 1200 ◦C has been investigated by OM and TEM. The mean content of
γ′ phase was estimated as 40% and the grains retain its elongated character caused by hot rolling
even after heat treatment at 1200 ◦C. Split dislocations separated by 20 nm frequently observed
in the γ phase confirm a high degree of order in this phase. Investigations of composition profile
across phase boundaries between γ and β phases revealed changes in concentration, showing
that γ phase is richer in Co whereas the parent phase contains more Al. Measurement of the
composition of β phase, allow to calculate Al/Co and e/a ratios in β phase in correlation
with their Ms temperatures. An increase in the Al/Co ratio together with a decrease of Ni
content in β phase causes a decrease of the e/a ratio, which promotes a decrease of martensitic
transformation temperatures. In all alloys, twinned L10 martensite with tetragonality c/a =
0.85 was observed with {111}L10-type twinning plane. Even within about 30 nm wide variants
microtwinnings have been identified using HREM.
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